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Dietary sugars are known to stimulate intestinal glucose transport
activity, but the specific signals involved are unknown. The Na*-
dependent glucose co-transporter (SGLT1), the liver-type facili-
tative glucose transporter (GLUT2) and the intestinal-type
facilitative glucose transporter (GLUTS) are all expressed in rat
jejunum [Miyamoto, Hase, Taketani, Minami, Oka, Nakabou
and Hagihira (1991) Biochem. Biophys. Res. Commun. 181,
1110-1117]. In the present study we have investigated the effects
of dietary sugars on these glucose transporter genes. A high-
glucose diet stimulated glucose transport activity and increased
the levels of SGLT1 and GLUT2 mRNAs in rat jejunum. 3-O-
Methylglucose, D-galactose, D-fructose, D-mannose and D-xylose
can mimic the regulatory effect of glucose on the SGLT1 mRNA

level in rat jejunum. However, only D-galactose and D-fructose
increased the levels of GLUT2 mRNA. The GLUT5 mRNA
level was increased significantly only by D-fructose. Our results
suggest that the increase in intestinal transport activity in rats
caused by dietary glucose is due to an increase in the levels of
SGLT1 and GLUT2 mRNAs, and that these increases in
mRNA may be caused by an enhancement of the transcriptional
rate. Furthermore, for expression of the SGLT1 gene, the signal
need not be a metabolizable or transportable substrate whereas,
for expression of the GLUT?2 gene, metabolism of the substrate
in the liver may be necessary for signalling. Only D-fructose is an
effective signal for expression of the GLUTS gene.

INTRODUCTION

There is much evidence that intestinal nutrient transporters are
adaptively regulated by the dietary levels of their substrates [1-5].
For example, a high-carbohydrate diet stimulates glucose trans-
port in the small intestine [4-12]. The effect of glucose is specific
to the maximal velocity of the glucose transporter and does not
influence the mucosal mass or the rate of passive glucose
movement [4-6,10-12]. This dietary signal is perceived by the
crypt cells, which irreversibly determine the glucose transporter
activity of enterocytes [12). However, the specific signals involved
are still unknown.

The DNAs for the Na*-dependent glucose co-transporter
(SGLT1) and at least five facilitative glucose transporters
(GLUT1-GLUTS) have been isolated [13-16]. We have reported
that three glucose transporter genes (SGLT1, GLUT2 and
GLUTSYS) are expressed in the rat jejunum [17,18]. SGLT1 is
located in the brush-border membrane of intestinal epithelial
cells [16]. GLUT?2 is present in the liver, small intestine, kidney
and islets of Langerhans [19). It is also located in the basolateral
membrane of intestinal epithelial cells, and is responsible for the
release of glucose across the basolateral membrane [19]. GLUTS
is present at highest concentrations in human small intestine and
kidney [20]. In rat jejunal mucosal cells, the GLUTS5 mRNA level
is highest on day 10 after birth and then decreases, reaching the
adult level by day 20 [18], suggesting that GLUTS is important
for intestinal glucose transport in the neonatal period [18].
Davidson et al. [21] found that GLUTS is located in the brush-
border membranes of human small intestine. Furthermore,
Burant et al. [22,23] reported that the kinetic properties and
tissue distribution of GLUTS indicate that it is a fructose
transporter, but its role in intestinal hexose transport is unknown.

There are many reports on the regulation of intestinal glucose
transporters by dietary sugars [4-12], but nothing is yet known
about changes in the mRNA levels of SGLT1, GLUT2 and
GLUTS caused by dietary sugars. In the present study we have
examined whether the increase in glucose transport activity in
rats given a high-glucose diet is due to increases in the levels of
glucose transporter mRNAs and if so, whether these increases
are due to an increase in the transcriptional rate. We also
investigated whether other hexoses can mimic the regulatory
effect of glucose on the glucose transporter genes.

MATERIALS AND METHODS
Animals and diets

Male Sprague-Dawley rats (150-160 g; Japan SLC, Shizuoka,
Japan) were kept in wire-bottomed cages in an animal room
maintained at 22 °C with a 12 h light period (08:00 to 20:00 h).
They were given a carbohydrate-free diet (249, protein, 55%
fat, 99 cellulose, 4%, mineral mixture and 19, vitamins) for
2 weeks and then test diets for 5 days [9]. The test diets consisted
of 24 9%, protein, 4 9, mineral mixture, 19, vitamin, 9 %, cellulose
and 55 9%, sugars (D-glucose, D-galactose, 3-O-methylglucose, D-
fructose, D-mannose or D-xylose). On day 5, the animals (final
body weight 250-260 g) were killed at 18:00 h, and the entire
small intestine was quickly removed and washed with saline. The
upper jejunum was used for RNA preparation and transport
experiments.

Transport experiments

The entire small intestine was quickly removed and washed with
saline. The first 5 cm length from the pylorus was cut off and

Abbreviation used: SGLT, Na*-dependent glucose co-transporter.
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discarded. The next 10 cm length was used for RNA purification
as described below, and the lower part of the jejunum was used
for transport studies. The rate of intestinal absorption was
determined as described previously [24]. Briefly, a sac of everted
intestine was filled with a measured volume of Krebs—Ringer
phosphate buffer, pH 7.4, containing 5 mM D-galactose, and
placed in a 50 ml Erlenmeyer flask containing S ml of the same
solution with bD-[U-*C]galactose (1 #Ci; 50 mCi/mmol;
Amersham Japan). The flask was gassed with 1009, O, and
incubated with shaking for 50 min at 37 °C. The rate of transport
was expressed as the net increase in the substance on the serosal
side, with units of gmol/h per 100 mg wet weight [24].

Northern blot analyses

Total RNA was isolated by the guanidium isothiocyanate/CsCl
method [25]. Poly(A)* RNA was purified on an oligo(dT)-
cellulose column. Poly(A)* RNA (4.5 ug) was denatured in a
solution of 2.2 mM formaldehyde and 509, formamide by
heating at 95 °C for 2 min, size-fractionated in a 1.29, form-
aldehyde agarose gel, and transferred to a nylon membrane
(Gene Screen, NEM). The cDNA probes were labelled with 32P
with a Megaprime labelling system kit (Amersham) following the
recommendations of the supplier. Hybridization to the labelled
probes were performed overnight in a solution of 50 %, deionized
formamide, 109, dextran, 10 x Denhardt’s solution, 40 mM
Tris/HCl (pH 7.5), 10 mg/ml salmon sperm DNA and 0.1%
SDS at 42 °C. The membranes were washed twice for 10 min
each time with 2 x SSC/0.19%, SDS, and twice for 10 min each
time with 0.1 xSSC/0.19% SDS at 55°C (1xSSC is 0.15M
NaCl/0.015 M sodium nitrate) [18]. Quantification was per-
formed by scanning densitometry [17,18].

In vitro transcription in isolated nuclei

Isolation of nuclei from rat small intestine and subsequent in vitro
transcription assays were performed by modifications of pre-
viously described methods [26,27]. Briefly, intestinal nuclei (30
absorbance units at 260 nm) were incubated for 30 min at 26 °C
in 100 gl of reaction buffer containing 400 xCi of [**P]JUTP
(3000 Ci/mmol; Amersham Japan), ] mM each of ATP, CTP
and GTP (Pharmacia), 30 % (v/v) glycerol, 30 units of RNasin,
10 mM phosphocreatine, 1.2 mM dithiothreitol, 0.4 mM EDTA,
0.2M NaCl, 4 mM MnCl,, 4 mM MgCl,, 0.3 mM (NH,),SO,
and 50 mM Hepes, pH 7.9. Yeast tRNA (1 mg/ml) and 50 units
of DNAase I were added for 15 min at 37 °C. The reaction
mixtures were deproteinized by treatment at 42 °C for 10 min
with 100 xl of TES (20 mM Tris/HCI, pH 7.9, 20 mM EDTA,
19% SDS) and proteinase K (0.5 mg/ml). RNA was extracted
with phenol/chloroform (1:1, v/v) and precipitated with ethanol.
[**P]RNA was hybridized to 3 ug of cDNA and pUC19 bound to
a filter (prehybridized for 2 days at 42 °C) in 500 xl of TES-
containing hybridization buffer (50 9%, formamide, 5 x SSC, 0.5 %,
SDS, 10 x Denhardt’s solution, 1 mg/ml salmon testis DNA).
Then the filters were washed with three changes of 2 x SSC/0.5 %,
SDS at 35°C for 10 min, 0.2 xSSC/0.5% SDS at 42 °C for
30 min, and 0.1 x SSC/0.5 %, SDS at 42 °C for 30 min. They were
then treated with 10 4g/ml ribonuclease A in 2 x SSC at 37 °C
for 20 min, and washed with 2 x SSC at 50 °C for 30 min. The
filters were then air-dried and autoradiographed.

¢DNA probes

The probes used were the 1396 bp EcoRlI insert from phGT2-1
for GLUT1 cDNA [28]; the 1850 bp EcoRI insert from pLGT-

1 for GLUT2 cDNA [29]; the 2190 bp EcoRlI insert of phMGT-
31 for GLUT3 cDNA [30]; the 1730 bp EcoRI insert from
phJHT-3 for GLUT4 cDNA [31]; the 1890 bp EcoRlI insert from
hjHT-5 for GLUTS ¢cDNA [20]; and the 2142 bp (nt 201-2343)
EcoRI insert of hNSGLT1 for SGLT1 cDNA [32].

Statistical analysis

Analysis of variance was used to determine the significance of
differences (P < 0.05) between a group given the high-carbo-
hydrate diet and a group given the carbohydrate-free diet. The
significance of differences between mean values of measurements
was examined by one-way ANOVA followed by the Student—
Newman-Keuls test.

RESULTS AND DISCUSSION

Time courses of changes in n-galactose transport activity and
levels of glucose transporter mRNAs in rats given a high-glucose
diet

Rats were given the carbohydrate-free diet for 2 weeks and then
switched to the high-glucose diet. The D-galactose transport
activity in the jejunum was significantly increased 3 days after the
change to the high-glucose diet (Figure 1). This was due to an
increase in the maximal velocity (V,,,, ) of D-galactose transport
(3 days of high-glucose diet, 21.3 + 4.1 nmol/min per mg; control,
7.8+ 1.6 nmol/min per mg; n = 6). We measured transport in
vitro at 37 °C as the transport of D-['*C]galactose by everted sacs
of small intestine [24]. In these preparations transporter activities
are maintained at high levels, but transport represents that across
two cell membranes: uptake from the intestinal lumen across the
brush-border membrane into enterocytes, and exit from the
enterocytes across the basolateral membrane into the blood-
stream. The glucose transporters in the brush-border and baso-
lateral membrane have quite different properties [33].

Next we investigated the levels of SGLT1 and GLUT2 mRNAs
in these animals. As shown in Figures 1 and 2, at 3 days after the
change to the high-glucose diet, the levels of SGLT1 and GLUT2
mRNAs had increased about 2.4- and 2.1-fold respectively. The
time course of these changes in the mRNA levels for the two
glucose transporters paralleled those of the changes in D-galactose
transport activity (Fig 1). When the diet was changed back to a
carbohydrate-free diet, the levels of SGLT1 and GLUT2 mRNAs
decreased to the original levels within a similar time frame: 7
days, 220+329, (SGLT1) and 168 +21 9%, (GLUT?2) of control
values; 9 days, 110+199%, (SGLT1) and 104+ 16 % (GLUT?2).

Figure 3 shows the rates of transcription of the SGLT1 and
GLUT2 mRNAEs in rats given the high-glucose diet. The tran-
scriptional rate of SGLT1 began to increase 3 days after switching
to the high-glucose diet, and reached a maximum 3.0-fold increase
compared with the control level at S days after the change to the
high-glucose diet. The transcriptional rate of GLUT2 was
significantly increased 5 days after changing to the high-glucose
diet. Thus the increases in the levels of SGLT1 and GLUT2
mRNAs in rats given a high-glucose diet seemed to be due mainly
to increased rates of transcription of their mRNAs, although the
stabilities of these mRNAs may also have changed. The tran-
scriptional rate and mRNA level of GLUTS did not change after
switching to the high-glucose diet.

Effects of various dietary sugars on the level of SGLT1 mRNA

Rats were maintained for 2 weeks on the carbohydrate-free diet
and then given diets containing 559%, (w/w) concentrations of
various dietary sugars for 5 days. Figure 4 and Table 1 show the
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Figure 1 Time courses of the changes in p-galactose transport activity and glucose transporter mRNA levels in the jejunum of rats given a high-glucose

diet

Intestinal o-galactose transport activity was determined as described in the Materials and methods section. The concentrations of SGLT1, GLUT2 and 4-actin mRNAs were determined by densitometric
scanning of autoradiograms, and are expressed as percentages of control values (obtained from rats on a carbohydrate-free diet). (], o-Galactose transport activity; @, SGLT1 mRNA; O, GLUT2

mRNA. Values are means+S.EM.; n=6.
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Figure 2 Northern blot analyses of SGLT1 and GLUT2 mRNAs in the
jejunum of rats given a high-glucose diet

Animals were given a carbohydrate-free diet for 2 weeks and then were switched to a high-
glucose diet. Each lane contains 4.5 g of poly(A)* RNA from the jejunal mucosa. (a) SGLT1
and S-actin mRNAs; (b) GLUT2 and B-actin mRNAs. The periods of administration of the high-
glucose diet were: lane 1, control (carbohydrate-free diet); lane 2, 2 days; lane 3, 3 days; lane
4, 4 days; lane 5, 5 days.

D-galactose transport activities and levels of SGLT1 and GLUT?2
mRNAs in the jejunum of these rats 5 days after the change to
these diets. The test groups showed no appreciable differences
from the controls in body weight, blood glucose levels, intestinal
weight or intestinal length. Food intakes were slightly, but not
significantly, lower in the groups given D-galactose and D-xylose
thanin the other groups (control group, 20.7+8.9 g/day per 100 g
body weight; D-galactose group, 18.4+8.1 g/day per 100 g body
weight; D-xylose group, 17.5+ 8.8 g/day per 100 g body weight).
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Figure 3  In vitro transcription in isolated nuclei of jejunal cells from rats
fed on a high-glucose diet

Nuclei were isolated from the jejunal mucosa of rats at 0, 3, 4 and 5 days after the change
to the high-glucose diet, and were assayed for transcription in vivo in the presence and absence
of 1 ug/ml cc-amanitin. 32P-labelled transcripts were hybridized to control plasmid pUC19; to
PGEMA4Z with inserted human SGLT1 ¢CNA; to pGEM7Z with inserted rat GLUT2 cDNA: and
to pUC19 with inserted S-actin cDNA. Lanes show levels in the presence of c-amanitin (lane
1), and in its absence, of g-actin, SGLT1, GLUT2, GLUT5 and pUC19 on day 0 (lane 2), day
3 (lane 3), day 4 (lane 4) and day 5 (lane 5) after the change to the high-glucose diet.

D-Galactose transport activity in the jejunum was significantly
increased in all groups of rats given test diets. These results were
consistent with those of other workers [9,34]. Human SGLT]I
cDNA hybridized to a 4.5 kb transcript in rat jejunal mucosa as
described previously [17,32]. Administration of D-glucose or D-
galactose increased the SGLT1 mRNA level to about 3 times
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Figure 4 Effects of different dietary sugars on the levels of SGLT1 and
GLUT2 mRNAs

Animals were given a carbohydrate-free diet for 2 weeks and then switched to a high-glucose
diet. Each lane contains 4.5 g of poly(A)* RNA from the jejunal mucosa of rats after 5 days
on diets containing various sugars. (@) SGLT1 mRNA, (b) GLUT2 mRNA, (¢) S-actin mRNA.
Carbohydrates: lane 1, none (carbohydrate-free diet); lane 2, o-glucose; lane 3, o-galactose;
lane 4, 3-0-methylglucose; lane 5, o-mannose; lane 6, p-fructose; lane 7, o-xylose.

Table 1 Effects of dietary sugars on the levels of intestinal p-galactose
transport activity and transporter mRNAs

p-Galactose transport activities were determined in rats fed on diets containing different sugars
for 5 days. The concentrations of SGLT1, GLUT2, GLUT5 and S-actin mRNAs were determined
by densitometric scanning of autradiograms. Results are expressed as percentages of control
values (obtained from rats on a carbohydrate-free diet). Values are means + S.EM. (n = 6);
* indicates a significant difference (P < 0.05) compared with the control. Abbreviation: 3-0-
MG, 3-0-methylglucose.

Transport activity Relative intensity (% of control)

Sugar in (umol/h per 100 mg

diet wet weight) SGLT1 mRNA  GLUT2 mRNA  GLUT5 mRNA
Control (none) 0.54+0.12 100 100 100
p-Glucose 1.274041* 320+ 53* 224 +59* 72446
p-Galactose 1144033* 287 +57* 217 +62* 79437
3-0-MG 1.494-0.28* 195+447* 89422 106428
o-Fructose 2.06 4 0.66* 362+121*  219458* 246 +39*
p-Mannose 1.56 4 0.52* 2704 36" 81+29 114448
p-Xylose 1.3740.23* 265+ 40" 105+24 92416

that of control rats given the carbohydrate-free diet. 3-O-
Methylglucose also increased the SGLT1 mRNA level (Figure
4). Surprisingly, D-fructose was the strongest inducer, with p-
mannose and D-xylose also increasing the level of SGLT1 mRNA.
D-Fructose uptake has a specific carrier system that is distinct
from the Nat*-dependent glucose co-transport system(s) [33].
Therefore, in rat small intestine, non-metabolizable hexoses,
such as 3-O-methylglucose, D-fructose, D-mannose and D-xylose,
can mimic the regulatory effect of glucose on the SGLT1 mRNA

level. Solberg and. Diamond [9] suggested that in the transport of

glucose across the brush-border membranes of mice fed on
different dietary sugars, regulatory signals need not be trans-
ported substrates and need not be metabolizable. Therefore
hexoses may stimulate expression of the SGLT1 gene directly.

Effects of different dietary sugars on the level of GLUT2 mRNA

The GLUT2 mRNA level was increased by D-glucose, D-galact-
ose and D-fructose, but was not affected by 3-O-methylglucose,
D-mannose or D-xylose (Figure 4 and Table 1). This glucose
transporter is located in the basolateral membrane of intestinal
epithelial cells, and is responsible for the release of glucose across
the basolateral membrane [19,35]. Cheesman and Harley have
recently reported that the number of D-glucose-inhibitable
[*H]cytochalasin B binding sites in the basolateral membrane of
the rat jejunum was increased by D-glucose and D-fructose, but
not by D-galactose or 3-O-methylglucose, which are not metabol-
ized in small intestinal cells [36]. Therefore these workers
suggested that intracellular metabolism is necessary for signalling
changes in the transport of glucose across the basolateral
membrane [36]. On the other hand, our results indicated that p-
galactose significantly increased the GLUT2 mRNA level,
whereas 3-O-methylglucose did not. b-Galactose is known to be
metabolized in rat liver [37], but 3-O-methylglucose is not
metabolized at all [34]. Furthermore, in humans and rats, D-
fructose is metabolized primarily in the liver, although both the
small intestinal mucosa and kidney also contain the enzymes
necessary for its catabolism [38]. Therefore the metabolism of
D-galactose and D-fructose in the liver might be necessary for
induction of intestinal GLUT2 mRNA. This possibility is
supported by the finding that the level of GLUT2 mRNA in
rat liver was significantly increased in rats given the high-p-
fructose or -D-galactose diets (K.-i. Miyamoto and co-workers,
unpublished work). Recently, Asano et al. [39] showed that the
GLUT2 mRNA level in primary cultured hepatocytes was
increased by D-glucose, D-fructose and D-mannose, but not by
non-metabolized hexose. These observations suggest that sugar
metabolism in the liver is required for regulation of the GLUT2
mRNA level in both liver and intestine. However, D-galactose is
metabolized slowly in the small intestine over long periods of
dietary manipulation [37], and this slow metabolism could
provide a signal which is localized to the small intestine.
Experiments to test this possibility are under way.

Leturque et al. [40] reported that the level of GLUT2 mRNA
in the liver may be regulated by the blood glucose level. However,
in the present experiments, the levels of blood glucose in rats
given different sugars were similar. We are now studying the role
of metabolism of these hexoses in the rat liver in the expression
of the intestinal GLUT2 gene.

Effects of different dietary sugars on the GLUTS mRNA level

As shown in Figure S and Table 1, the GLUTS5 mRNA level was
not changed by any of the dietary sugars tested, except for D-
fructose. Burant et al. [22,23] found that injection of synthetic
human GLUTS mRNA into Xenopus oocytes stimulated the
uptake of D-fructose, but not of D-galactose, a-methyl-
glucopyranoside or 3-O-methylglucose, suggesting that GLUTS5
is a high-affinity fructose transporter.

We found that the mRNA level of this transporter in jejunal
mucosal cells was highest in neonatal rats [18]. However, we
could not detect any facilitative glucose transport activity in
neonatal rat jejunum cells. Kayano et al. [20] suggested that the
GLUTS transporter may be the second transporter system, SII,
described by Brot-Laroche et al. [41]. However, this system was
detected in guinea pig jejunal brush-border membranes but not
in rat or mouse jejunum. In the present study, the GLUTS gene
was shown to respond only to D-fructose. The brush border has
a fructose transporter which is distinct from the aldohexose
transporters whose activities also increase in mice and rats given
a high-fructose diet [2,9]. Therefore GLUT5 may be a D-fructose
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Figure 5 Effects of different dietary sugars on the level of GLUT5S mRNA

Each lane contains 9 xg of poly(A)* RNA from the jejunal mucosa of rats after 5 days of
administration of various dietary sugars. (8) GLUT5 mRNA, (b) S-actin mRNA. Sugars: lane
1, none (carbohydrate-free diet); lane 2, o-glucose; lane 3, o-galactose; lane 4, 3-0-
methylglucose; lane 5, o-mannose; lane 6, p-fructose; lane 7, o-xylose.

transporter. This possibility is supported by the fact that the
GLUTS mRNA level is higher in the jejunum of rabbits, which
are herbivores with natural diets containing much D-fructose,
than in the jejunum of rats and mice, which are omnivores.
Furthermore we found that injection of poly(A)* RNA isolated
from rabbit intestinal mucosa into Xenopus oocytes induces Na*-
independent D-fructose transport activity, and that hybrid de-
pletion with a rabbit GLUTS5 antisense oligonucleotide greatly
inhibits the mRNA-dependent induction of uptake of D-fructose
(K.-i. Miyamoto and co-workers, unpublished work).

No transcripts of GLUT1, GLUT3 and GLUT4 could be
detected by our assay in the jejunum of rats fed on the various
diets, as described previously [17].

In conclusion, the increase in glucose transport activity in rat
given a high-carbohydrate diet was shown to be due to an
increase in the level of SGLT1 and GLUT2 mRNAs. These
increases might be due to increases in transcriptional rates in
isolated nuclei. Our results also show that the signals for
expression of SGLTI gene did not need to be metabolizable or
transportable substrates, whereas metabolism of substrates in
the liver appeared to be required for expression of the intestinal
GLUT?2 gene. Only p-fructose served as an effective signal for
expression of the GLUTS gene.

We thank Dr. S. Seino and Dr. G. I. Bell (University of Chicago) for providing cDNA
clones.
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